Previous analyses of the distribution of heat shock (hs) proteins in soybean (Glycine max L. Merr., var Wayne) have demonstrated that a fraction of the low molecular weight hs protein associates with ribosomes during hs. To more specificafy characterize the nature of this association, isokinetic centrifuption of ribosomes through sucrose gradients was used to separate monosomes from polysomes. The present analysis demonstrated that hs proteins were bound to polysomes but not monosomes. Treatment of polysomes with puromycin, K+, and Mg2+, which caused dissociation of ribosomes into 40S and 60S subunits, also caused dissociation of the hs proteins. Using the procedure of Nover et al. (1983, Mol. Ceil Biol, 3: 1628Biol, 3: -1655 In tomato and a number of other plant species, hs proteins were found in the form of cytoplasmic aggregates termed hs granules (18, 20) . These granules were distinct from ribosomes based on several characteristics. First, they were found in two size classes: 30 to 40 nm and 70 to 80 nm. Second, they contained approximately half of the low mol wt hs proteins present in the cytoplasm. Third, they contained a number of minor proteins apparently unrelated to ribosomal proteins. Formation of these granules was temperature-dependent, implying that they have a protective function. If hs protein synthesis was preinduced, hs granules formed when tomato cells were given a supraoptimal hs; but disaggregation during recovery was much slower than in cells receiving a normal hs.
In tomato and a number of other plant species, hs proteins were found in the form of cytoplasmic aggregates termed hs granules (18, 20) . These granules were distinct from ribosomes based on several characteristics. First, they were found in two size classes: 30 to 40 nm and 70 to 80 nm. Second, they contained approximately half of the low mol wt hs proteins present in the cytoplasm. Third, they contained a number of minor proteins apparently unrelated to ribosomal proteins. Formation of these granules was temperature-dependent, implying that they have a protective function. If hs protein synthesis was preinduced, hs granules formed when tomato cells were given a supraoptimal hs; but disaggregation during recovery was much slower than in cells receiving a normal hs.
Comparison of the isolation procedures for ribosomes (15) and hs granules (20) suggested that there is a possibility for the contamination of ribosome preparations with hs granules. The major difference between the two procedures is that, prior to the isolation of hs granules, the ribosomes are dissociated by KCI/EDTA treatment. It was reported that hs proteins associated minimally with intact ribosomes and not at all with ribosomal subunits (20) . Because the association of hs proteins with ribosomes of soybean (15) has not been rigorously characterized, it is possible that hs proteins are bound in a granule-like structure. To examine this question, the association of hs proteins with ribosomes has been analyzed by isokinetic and isopycnic centrifugation. A hs granule fraction has also been isolated and characterized. The results indicate that hs proteins are bound to polysomes rather than monosomes and that the polysome-bound and granule-bound hs proteins represent two distinct populations in the cytoplasm.
One approach to determining the function of hs3 proteins has been to compare their localization patterns in cells during hs and recovery. Specific associations of hs proteins have been reported for nuclei (15, 22, 23) , nucleoli (22, 23) , chloroplasts (10, 24), mitochondria (15, 22) , the plasma membrane (14, 22) , and elements of the cytoskeleton (12, 22) . In tomato (20) and soybean (15) , a fraction of the hs proteins was also found bound to ribosomes in a temperature-dependent interaction. Most of these proteins were represented by the low mol wt hs proteins (15) (16) (17) (18) kD in soybean and 17 kD in tomato), but a smaller contribution from the high mol wt hs proteins was evident. The functional significance of this association is uncertain, but it may be protective. In soybean, thermotolerant seedlings contained a greater amount of ribosome-bound hs proteins at the supraoptimal hs temperature of 45°C than at the normal hs temperature of 40°C (15 (11) . Radioactivity in 10-,ul aliquots was assayed as previously described (16) .
Metrizamide Gradient Centrifugation. Metrizamide (Sigma) solutions were prepared in buffer C for ribosomes or buffer D for hs granules. Gradients were prepared as described in Ballinger and Pardue (3) . Equivalent amounts of ribosomes or hs granules were loaded onto duplicate gradients and centrifuged at 35,000 rpm for 67 h in a Spinco SW 50.1 rotor. The gradients were then fractionated, and 0.5-ml fractions from duplicate gradients were pooled. Fraction densities were calculated from the refractive indices. Protein was isolated and radioactivity was determined as described for sucrose gradients analysis.
Electrophoresis. One-dimensional SDS-PAGE was performed according to Laemmli (11) using 12.5% (w/v) acrylamide gels. Proteins were resolved in two-dimensions (21) by IEF in the first dimension and SDS-PAGE in 12.5% (w/v) acrylamide gels in the second dimension. Proteins were loaded on the acidic ends of IEF gels. The effective pH range of the IEF gels was pH 4 to 7. Stainable proteins were visualized with Coomassie brilliant blue R-250. Radioactive proteins were visualized by fluorography (15).
Electron Microscopy. At the end of the incubation period, apical 1 mm sections were excised from the primary roots and fixed for 1 h at 4°C in 2% glutaraldehyde, 50 mm potassium phosphate (pH 6.8), 1 mM CaCl2. The root tips were washed for a total of 30 min in three changes of 50 mm potassium phosphate (pH 6.8), 0.33 M CaCl2, and then fixed for 1 h in 2% OS04, 50 mm potassium phosphate (pH 6.8), 0.33 M CaCl2. After washing for 2.5 h in two changes of 50 mm potassium phosphate (pH 6.8), 1 mM CaC12, and 30 min in three changes of distilled water, the tissue was stained for 1 h in 0.5% uranyl acetate. The tissue was then dehydrated in an ethanol series and embedded in Spurr's low viscosity resin. These sections were stained with lead acetate and examined by electron microscopy.
RESULTS

Distribution of Heat Shock Proteins in Ribosome Preparations.
The ribosome fraction prepared from soybean seedlings contained both monosomes and polysomes. Although association of hs protein with ribosomes was reported previously (15, 20) , the distribution of hs proteins between monosomes and polysomes was not determined. To separate these two components, ribosome preparations were subjected to isokinetic centrifugation on sucrose gradients. By including [3H]leucine in the incubation medium during hs, the hs proteins were preferentially labeled while most of the normal, cellular proteins remained unlabeled (1, 9) . When gradients loaded with ribosomes were centrifuged for 19.6 h at 72,000 rpm, the monosomes sedimented as a prominent peak in the lower third of the gradient (Fig. 1) . The polysomes were contained in the pellet. Radioactivity was restricted to the top of the gradient and the pellet.
To resolve the polysomes, a second set of gradients was centrifuged for 2 h at 108,000g. The polysomes sedimented as a broad peak in the lower two-thirds of the gradient (Fig. 2) . Consistent with the distribution of radioactivity in Figure 1 , a peak of radioactivity was observed at the top of the gradient and no radioactivity above background levels was associated with the monosome peak. There was, however, a slight increase in the (6) . When resolved on sucrose gradients, no radioactivity above background levels was found associated with either subunit peak (Fig.  3) . Greater than 95% of the radioactivity was found at the top of the gradient and in the pellet. The pellet contained approximately 85% of the total radioactivity and a small amount of ribosomal protein. The disproportionate size of the 60S peak can be accounted for by the contribution from 40S dimers (6) .
In each of the gradient analyses, positions of ribosomal proteins and hs proteins were confirmed by one-dimensional SDS-PAGE. The protein profiles from selected fractions are shown in Figure 4 . Whiile fractions at the tops of the gradients contained no ribosomes (Fig. 4, lane a) , they did contain hs proteins (Fig.  4, lane b) . Similarly, fractions containing polysomes also contained hs proteins (Fig. 4, lanes e and f) . No hs proteins were detected in association with monosomes (Fig. 4 , lanes c and d), 40S subunits (Fig. 4, lanes g and h) , or 60S subunits (Fig. 4 , lanes i and j). Preparation and Analysis of Heat Shock Granules. A hs granule fraction was prepared from soybean seedlings, and the proteins were resolved by two-dimensional electrophoresis (Fig. 5) . The hs granule fraction contained many of the low mol wt hs proteins as determined by both staining (Fig. 5A) (20) , the gradients were centrifuged for a much shorter period of time to keep the granules from pelleting. When the gradients were analyzed, both monosomes (fractions 1-3) and polysomes (fractions [4] [5] were present at the top of the gradient (Fig. 6) . Sedimenting in advance of the polysome peak was a broad shoulder of absorptive material presumably representing the hs granules (fractions [6] [7] [8] [9] [10] [11] [12] [13] [14] . This material contained the majority of the radioactivity. The locations of monosomes, polysomes, and radiolabeled hs proteins were confirmed by SDS- 
PAGE (data not shown).
Isopycnic Centrifugation of Heat Shock Granules. The data presented in Figure 6 showed that the hs granule isolation procedure did not completely exclude monosomes and polysomes. Thus, it cannot be stated unequivocally that the material pelleting in advance of the polysomes was not due to an artifactual aggregation between hs proteins, monosomes, and polysomes. To demonstrate conclusively that polysome-bound hs proteins and granule-bound hs proteins were distinct, isopycnic centrifugation was used. Metrizamide was selected as the centrifugation medium because it is nonionic. Thus, the problems inherent in protein/RNA cross-linking, as must be performed before centrifugation on cesium chloride gradients, were avoided (4). Conditions were selected that generated a sigmoidal density distribution so as to give maximum resolution of RNP particles. When the distribution of radioactivity was analyzed, about 40% of the labeled protein was found in association with hs granule fractions 3 and 4 (Fig. 7) . The same percentage was associated with monosome/polysome fractions 8 and 9. Monosomes and polysomes have reported densities of 1.30 and 1.35 g/cm3, respectively, in metrizamide gradients (4) and were not separable from one another under the conditions used (Fig. 8, lanes 8 and 9) . Heat shock granules banded at a density of 1.20 to 1.21 g/cm3 (Fig.  8, lanes 3 and 4) which is typical for RNP particles (4). These results show that a structure analogous to hs granules is present in soybean cells.
Isopycnic Centrifugation of Ribosomes. It was then necessary to determine if the hs proteins found associated with polysomes ( Fig. 2) were distinct from those found in hs granules. The major difference between the two isolation procedures is that, in the hs granule protocol, ribosomes are dissociated with KCl and EDTA prior to ultracentrifugation. If polysomes are bound to hs granules, treatment of ribosomes with KCl and EDTA prior to ultracentrifugation should release the granules (20) . One ribosome preparation was resuspended in buffer C, and a second preparation was resuspended in buffer C modified to 250 mm KCl and 30 mm EDTA. The two preparations were then resolved on metrizamide gradients. While KC1/EDTA treatment did cause an increase in the percentage of radioactivity in granule fractions 3 and 4 from 18 to 24% (Fig. 9) , there was no dramatic loss of radioactivity from the monosome/polysome fractions. There was a shift of radioactivity from fraction 9 to fraction 8, but the total Fraction Number percentage of radioactivity in these two fractions did not change significantly. The distribution of radioactivity in the remainder of the gradient was not substantially altered. When analyzed by SDS-PAGE and fluorography (Fig. 10) , the distribution of hs proteins was continuous throughout the gradient. Because there was no major increase in the hs granule fractions after KCI/ EDTA treatment, the hs proteins found associated with polysomes are distinct from hs granules.
Examination of Cytoplasmic Ultrastructure. Based on results of Nover et al. (20) , who reported that hs granules were con- spicuous in the cytoplasm, cortical cells from roots of 2-d-old soybean seedlings were examined by electron microscopy for the presence of hs granules (Fig. 11) . In tissue incubated at 28°C, the ribosomes were densely packed in the cytoplasm with a fairly even distribution (Fig. 11) . After 3 h at 40°C, however, the ribosomes were clustered in irregular clumps throughout the cytoplasm (Fig. 11) . No electron-dense particles that could be equated with hs granules of tomato (23) were observed in any of the specimens examined. This suggests that the nature of the hs protein aggregation phenomenon in soybean is different from that in tomato cells. Further evidence for this conclusion comes from the failure to observe any novel electron-dense particles in tissue receiving a supraoptimal hs at 45°C after pretreatment at FIG. 11. Electron microscopy of root cell cytoplasm. Seedlings were incubated for 3 h at 280C (A), 3 h at 400C (B), or 3 h at 40°C, 3 h at 28°C, and 1 h at 450C in succession (C). Apical 1 mm sections of the root tips were fixed, embedded, sectioned, and then examined by transmission electron microscopy. Cytoplasm from cortical cells is shown here. Arrowheads in C indicate endoplasmic reticulum (bar = 0.25 ,m). 40 and 28°C (Fig. 11) . Similar hs regimes resulted in a higher frequency of hs granules in tomato cells (20) .
DISCUSSION
One of the rapid responses to hs is translational readout of polysomes engaged in the translation of normal mRNAs (9, 19) . If the hs temperature is maintained, a fraction of the ribosomes will again form into polysomes as hs mRNAs become available for translation. Through isokinetic centrifugation it was possible to analyze the association of hs proteins with monosomes and polysomes. Heat shock proteins were not associated with monosomes (Figs. 1, 2 , and 4) even though they comprised the bulk of the ribosome population in heat-shocked soybean seedlings (9) . Rather, hs proteins were bound to polysomes (Figs. 2 and  4) . Dissociation of ribosomal subunits with puromycin and 500 mM KCI effectively removed the hs proteins. This result is consistent with that reported for ribosomes in tomato (20) .
Heat shock proteins are also aggregated into particles analogous to the hs granules described by Nover et al. (20) . Even though crude hs granule preparations were contaminated with ribosomes ( Figs. 6-8 ), several observations demonstrated that hs granules were distinct from ribosome-bound hs proteins. First, hsp70 was not detected in hs granule preparations (Fig. SB) .
Ribosome preparations from heat-shocked tissue contain hsp70 (15) . Second, while most of the low mol wt hs proteins were common to hs granules and heat-shocked ribosomes (Figs. SB and 8; Ref. 15) , there were differences in the relative amounts of specific polypeptides in the two preparations. Third, several acidic polypeptides not corresponding to hs proteins were detectable by staining in hs granule preparations. Fourth, when hs granules were separated from ribosomes by isopycnic centrifugation, they exhibited a buoyant density of 1.20 to 1.21 g/cm3, which is characteristic of RNP particles (4). Monosomes and polysomes had buoyant densities greater than 1.27 g/cm3. Fifth, the hs proteins associated with polysomes are, for the most part, not bound in the form of hs granules. Although 18% of the radiolabel in a ribosome preparation banded in fractions corresponding to hs granules (Fig. 10, lanes 3 and 4) , dissociation of ribosomes with KCI and EDTA prior to isopycnic centrifugation increased the amount of radioactivity in these fractions to only 24%. Thus, the polysome-bound hs proteins are distinct from the granule-bound hs proteins. Heat shock proteins did not associate with any preexisting particles as no pellets were obtained from control seedlings incubated at 28°C. Nover et al. (20) also determined that synthesis of hs proteins was essential for granule formation. Blocking hs protein synthesis with actinomycin D prevented the formation of hs granules.
Unlike tomato cells (20) , hs granules were not observable as distinct particles in the cytoplasm of soybean root cells. When analyzed by isokinetic centrifugation, however, the radiolabel in the granule preparation sedimented in advance of the polysomes (Fig. 6) indicating that hs granules were very large and, based on the broadness of their distribution, heterogeneous in size. This heterogeneity can be explained by nonspecific association of hs proteins. One conserved feature of the low mol wt hs proteins is a strongly hydrophobic domain in the carboxyl end of the proteins (17) . This domain has been implicated in the aggregation phenomena observed among hs proteins in both plant and animal systems (17, 19) . Detection of ribosomes in hs granule preparations from soybean seedlings only after hs suggests that disruption of the soybean cells results in higher order aggregations of hs granules with themselves, with soluble hs proteins, or with ribosomes. Failure to observe hs granules in vivo as particles distinct from ribosomes in heat-shocked tissue (Fig. 11) indicates that they are not aggregating into such comparatively large structures as seen in tomato cells (20) .
Nonspecific associations of hs proteins would also account for the wide density distribution of material in heat-shocked ribosome preparations. As anticipated, the largest fraction of hs protein was associated with the ribosome fractions (Fig. 10) . If the low mol wt hs proteins were associated with polysomes in a stoichiometric fashion, hs proteins would have been restricted to specific fractions. Detection of hs proteins in lower density fractions (Fig. 9) was not expected. The simplest explanation for this observation is that a subpopulation of the polysomes is associated with a sufficiently large amount of hs proteins to reduce their buoyant density from that considered normal for polysomes.
Association of hs proteins with ribosomes may have a protective function (15) . When seedlings were allowed to accumulate hs proteins after induction by a brief, severe hs or arsenite treatment, the relative amount of hs protein that subsequently associated with ribosomes increased with temperature (15) . If the temperature was increased gradually, hs proteins accumulated prior to reaching the optimal hs temperature (2, 8) . This accumulation permitted the persistence of both normal protein synthesis and hs protein synthesis into temperature ranges several degrees above those observed when the temperature was changed abruptly (1, 9) . It is conceivable that the association of hs proteins with polysomes protects the translational machinery from the deleterious effects of hs. This speculation is also consistent with the eventual, apparent recovery of normal protein synthesis during prolonged hs (5, 7) .
The function of hs granules in the cytoplasm, however, is unclear. Nover et al. (20) postulated that hs granules are unique to plants as no structure analogous to hs granules has been detected in animal systems. Unlike the cell-wide distribution of the low mol wt hs proteins in plants (19) , the low mol wt hs proteins of Drosophila are associated with elements of the cytoskeleton during hs (13) . During recovery, they are found in 20S RNP particles similar to prosomes, a class of scRNP particles implicated in the negative control of mRNA translation (3). The absence of hs granules in animals was attributed to the lack of conservation among the low mol wt hs proteins of plants and animals (20) . Nevertheless, a comparison of hydropathy profiles for low mol wt hs proteins from Drosophila, Caenorhabditis, Xenopus, and soybean demonstrated structural similarities among these proteins (15) . Given the fact that many hs proteins are distributed throughout the cell, it is likely that they have multiple functions (19) . It is possible that the formation of hs granules in plants is not a function of the unique nature of plant hs proteins but rather of normal proteins unique to plant cells in general. Further analysis of the normal proteins and RNAs associated with hs granules may provide insights into the functional significance of these particles.
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